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ABSTRACT

The scope of this work shows novel experimental findings on preparing anatase TiO, nanoparticles,
first anodizing titanium into an organic media for obtaining TiO, nanotubes, and using these as a
photocatalytic active electrode in treating water polluted with organic contaminants. The substrates
were grit blasted to obtain mechanical fixation of the generated nanotubular TiO, structure. This
was successfully achieved without diminishment of the nanotubes order and with a self-leveling of
the outer surface. A new phenomenon has been investigated consisting of the process of oxidation
of the nanotubes in water after anodizing. Along this process, methyl orange added to the aqueous
solution was discolored as part of the redox reaction involved. The final state of the modified layer was
composed of conglomerates of almost completely crystalline TiO, nanoparticles, around 4 nm in size,
consisting of anatase. SEM and TEM images show the transition of the amorphous nanotubes (atomic
disorder/nanometric order) to crystalline disordered particles (atomic order/nanometric disorder).

KEYWORDS

Anatase, Antibacterial, CO2 Reduction, Dye, Nanomedicine, Nanotechnology, Nanotubes, Photocatalysis, TiO2,
UV-Vis, Wastewater, Water Splitting

INTRODUCTION

Today, many materials with different properties have been investigated; this includes nanomaterials,
which have the potential to influence modern society in many aspects. These kinds of materials are
highly interesting, thus both nanoscience and nanotechnology have become attractive and exciting
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fields, because nano-systems may not behave like their bulk counterparts. The era of dealing with tiny
objects has been gaining momentum in the past few years due to industrial progress, the scientific
ability to fabricate, model, and manipulate things with a small number of atoms, and the almost daily
discovery of novel size-induced phenomena.

The origin of the size-induced properties in nanomaterials depends on the surface phenomena
(extrinsic contribution) and quantum confinement effects (intrinsic contribution). The surface to
volume ratio increases rapidly when particle size decreases (Souza Filho & Fagan, 2011). There are
many techniques for synthesizing nanoparticles, but study presents the investigation into obtaining
them through the synthesis of TiO, nanotubes through an electrochemical method (Momeni et al.,
2019; Yu et al., 2020). The analysis covers different aspects, such as morphology layer surfaces,
shape, and size, chemical composition, crystalline size, catalytic and photocatalytic activity, and
morphology before and after catalytic and photocatalytic tests. These analyses detail finding and
observing a complete transformation of the structure to 4nm anatase nanoparticles.

There are many studies that have been done on nanomaterials, but those directly related to
photocatalysis are primarily associated with TiO, or ZnO (Chen & Mao, 2007). TiO, is used for
many applications, such as sunscreens, antibacterials, chemical sensors, pollutant filters, toner
photoconductors, and in optoelectronics (Chen, Wang, Wei, & Zhu 2012; Cui, Gao, Qi, Liu, & Sun
2012; Liang, Luo, Tsang, Zheng, Cheng, & Li, 2012). The main use of TiO, is as a white pigment that
is put into many products, such as white dispersion paints. Today, it is possible to find several industries
throughout the world that are producing different kinds of nano-structured titanium dioxide on a large
scale (Khvan, Kim, Hong, & Lee, 2011). The TiO, semiconductor material shows a vast number of
interesting properties, which are maximized when these belong to the nanostructure. However, one
of the emerging and intensively explored properties of this nanostructured oxide is its photocatalytic
activity, primarily for the treatment of environmental pollution (Ortega-Diaz et al., 2020).

The photocatalytic phenomena of TiO, occur due to the electron-hole formation by absorbing
photons with energy equal or higher than the bandgap of this semiconductor plus the potential of the
surface. Photocatalysis occurs even the adverse presence of a large number of defects in the crystalline
structure, such as oxygen vacancies, interstitial titanium atoms from the donor states, titanium
vacancies, and interstitial oxygen atoms from the acceptor states. The electronic condition created in
this structural arrangement produces a bandgap, an intrinsic characteristic of semiconductor materials,
by the existence of a forbidden gap between the valence and the conduction band. The photocatalytic
activity of TiO, occurs only when photons with energies greater than its bandgap energy can result in
excitation of the valence band electrons, which jump to the conduction band, and then can promote
a reaction. The absorption of photons with lower energy or longer wavelengths than the bandgap
energy usually causes energy dissipation in the form of heat. The illumination of the photocatalytic
surface with sufficient energy leads to the formation of a positive hole in the valence band and an
electron in the conduction band (Nakata & Fujishima, 2012).

After the light excitation, the electron hole-created pair could have electronic recombination
releasing heat or could be involved in electronic transfer with other species and interact directly, or
through some photosensitizers with organic substrates. Either the positive hole oxidizes pollutants
directly or water to produce hydroxyl radicals (*OH), whereas the electron in the conduction band
reduces the oxygen adsorbed on the catalyst (Gelover, Gomez, Reyes, & Leal, 2006). Based on this
principle TiO, and, more recently, N-TiO, (Zhau et al., 2020; Zhou et al., 2020) has received attention
in research for the degradation of different organic specimens that are environmental pollutants.

The photocatalysis allows to decompose organic molecules, such as these of azo dyes. The
mechanisms and sub-products are many and usually requires higher periods of treatment beyond the
decolorization of aqueous solutions for a complete mineralization with H,O and CO, as final products
(Zamudio Torres et al., 2016a,b).
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BACKGROUND

Pollution from sewage, agricultural, industrial, and domestic water is exhausting water resources, both
on the surface, such as lakes and rivers, and underground. Potable water has become insufficient for
human consumption and industrial activities. The available water sources are of insufficient quality
and at an increasing cost for a growing population. For this reason, technological developments have
been sought to identify materials that are useful for treating polluted water, such as titanium dioxide.
This material was selected because it has low toxicity, good chemical stability, an accessible cost,
and it is chemically and biologically inert.

In general, effluents containing dyes are treated biologically, using adsorption, membranes,
coagulation-flocculation, oxidation-ozonation, and Advanced Oxidation Processes (AOP). AOP
have been developed to degrade non-biodegradable pollutants from water for human consumption
and industrial effluents into non-harmful substances (for example, CO, and H,0). Heterogeneous
photocatalysis in combination with TiO, and UV light is considered one of the most promising AOPs
for the degradation of water-soluble organic compounds (Alvarez et al., 2020; He et al., 2020; Wang
et al., 2020). In this way, the degradation of an organic dye by irradiation of light can be generated
by three mechanisms: a) by a process of photolysis induced by the energy coming from the radiation
source; b) by a photosensitization process where the visible radiation excites electrons of the & bonds
of the dye molecule are injected into the conduction band of the semiconductor with the consequent
oxidation of the dye; and c) by a conventional photocatalysis process where the promotion of an
electron from the valence band to the band conduction of the semiconductor, by action of radiant
energy, produces active sites (hollows) for oxidation of the dye (Elhadj et al., 2020; Nguyen, Tran,
Tran, & Juang, 2020; Wang & Zhuan, 2020).

There have been many attempts to make TiO, more functional by suppressing electron-hole
potential recombination at grain boundaries using a variety of methods. These methods included:
nanowires (Liu, et al., 2011), nanorods (Huang, Ning, Peng, & Dong, 2012), or nanotubes (Kwon, et
al., 2012; Nie, Mo, Zheng, Yuan, & Xiao, 2013; Palmas, et al., 2012), which have been explored as
an alternative to nanoparticle-based films. Self-ordered anodic TiO, nanotube arrays have especially
attracted considerable interest because of their highly aligned geometry and their simple fabrication
process (Leiet al., 2013; Liu, Lee, & Schmuki, 2012).

For the production of TiO, nanotube layers, different methods have been used, such as sol-gel
methods with organic gellants as templates (Arami, Mazloumi, Khalifehzadeh, & Sadrnezhaad, 2007),
pre-deposited hydrothermal TiO, (L. Cui et al., 2012), microwave-assisted hydrothermal (Cui et al.,
2012), sonochemical (Arami et al., 2007), microemulsion (Y. Li, L., Li, C., Li, Chen, & Zeng et al.,
2012), solvothermal (Wang, Yang, Wang, Huang, & Hou, 2012), atomic layer deposition (ALD)
(Meng et al., 2013), seeded growth method (Tian, Voigt, Liu, McKenzie, & Xu, 2003), by means of
ionic liquids (H. Li et al., 2011), and anodized Ti (Gong et al., 2001), among others. The anodized
Ti for obtaining TiO, nanotubes offers better control over their dimensions and homogeneity. This is
carried out in fluoride-based electrolytes (Gong et al., 2001; Lai, Gong, & Lin, 2012).

In 2001, D. Gong et al. (2001) first developed titania nanotube arrays self-organized into a Ti
substrate by potentiostatic anodic oxidation using HF solutions as an electrolyte and pure Ti plate
as the substrate. As a consequence, this led to the rise of the research on TiO, nanotube arrays. The
researchers’ special nanoarchitecture offered a high inner surface without a corresponding decrease
in geometric and structural order (Shankar, Varghese, Mor, Paulose, Varghese, & Grimes, 2008).
These oriented structures make them excellent electron percolation pathways for a charge transfer
vector between interfaces and offer improved properties for applications in many fields, such as solar
cells, photocatalysis, photolysis of water, and hydrogen sensors (Johns, Roberts, & Owen, 2011).

The primary use of TiO, is photocatalysis. One disadvantage of TiO, nanoparticles is that they
can only use a small percentage of sunlight for photocatalysis. Practically, there exists an optimal size
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for a specific photocatalytic reaction. This work is based on the results obtained after the degradation
of methyl orange using TiO, nanotubes.

New materials and technologies have been sought for application in treatment systems to remove
organic pollutants from water. The use of photocatalysis in TiO, (titania) is proposed as an alternative
with great potential and has been widely researched for the decomposition of these pollutants.

When obtained by chemical synthesis and commercially in powder form, TiO, is desired to give
it a nanotube type structure grown directly from the titanium metal for use in continuous processes
having water fluxes and the ability to recover photocatalytic surfaces easily. In addition, unlike
conventionally obtained structures, with heat treatment at about 450°C, for over half an hour, it is
sought to generate nanotubular structures at room temperature. Some of the advantages of nanotubes
compared to nanoparticles include the following:

e The effective active area in contact with the solution. Due to the cylindrical nature of the
nanotubes, there is a greater contact of the solution with said structures, managing to penetrate
the NM into the nanotubes, generating an increase in the possibilities of degradation of the dye;
The high order;

The support on titanium, which offers greater advantage to be used with water in continuous
processes.

The three points above are considered advantages over nanoparticulated TiO, as the characteristics
of the nanotubes provide a superior catalytic decomposition of organic components because they allow
the easy diffusion of contaminants within the TiO, nanotubes. In addition, the use of nanoparticulated
TiO, implies that once the photocatalysis process is finished, it is necessary to clean the water
subjected to the treatment, since the nanoparticles will be suspended and will require additional
stages, or it is not possible. On the other hand, if TiO, nanotubes are used, it is no longer necessary to
apply an additional cleaning process to the water treated by the photocatalytic process. Additionally,
TiO, nanotubes grow directly from metallic titanium pieces in any shape and can be re-processed
to create new photocatalytic surfaces just by polishing and anodizing. So, the photoactive surfaces
can be recycled.

This study seeks to propose alternative solutions to solving the contamination of some organic
compounds in water through the use of metastable nanotubular structures of TiO,. Specifically, the
manufacture of titanium plates with nanotubular TiO, surfaces. The discoloration and degradation of
aqueous solutions of methyl orange (NM) was evaluated in two ways: photocatalytic and catalytic.
For the photocatalytic pathway, an experimental setup was performed for exposure to UV light
and subsequent discoloration and degradation of NM. While for the catalytic pathway, only a dark
environment was necessary to generate the aforementioned effects.

The model compound to be degraded was NM, a simple structure dye with a single azo bond
(N = N), frequently used as an indicator of the photocatalytic activity of titania (Boczar, Lecki, &
Skompska, 2020: Florez et al., 2020; Zhiyong, Ruiying, Runbo, Zhiyin, & Huanrong, 2020). NM is
an organic substance used as a dye in the textile industry and as an acid-base indicator. It has been
shown that this substance is not biodegradable when present in water, which is why photocatalysis is
proposed for use; photocatalysis, which belongs to the AOP, has the function of degrading compounds
that are hard to be degraded organically (aerobically or anaerobically).

Finally, in general terms, photocatalysis in TiO, is considered to be an alternative with great
potential and has been widely researched for the decomposition of organic pollutant molecules in
water. However, the study of nanotubular structures of TiO, by using anodizing and dissolution on
titanium is a relatively new area of research in photocatalysis.
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EXPERIMENTAL

TiO, nanotubes were synthesized through anodizing-dissolution. The preparation of the Ti plates for
the anodizing process began with the removal of any rust present by polishing. Then, the Ti plates
were subjected to a sandblasting process provided by the Sandblast Horus Group Ltd., Tezca Mark,
for generating a rough surface, which was proposed to anchor the nanotubes adequately.

The system for anodizing was an organic medium, which consisted of the following: Electrolyte
(ethylene glycol 98% v/v, H,0 2% v/v, NH,F 0.3% wt/%) and Ti plates (97.5% Ti, 2.42% C, 0.08%
Sn). The anodizing time was variable and the times were 2, 4, 8, and 16 h. Among the times, 2 h and
4 h resulted in a better degradation effect (Figure 7). A voltage ramp of approximately 100 mV/s
(6 V/min) was used, starting from 6 V, and increasing it to 60 V (main potential used in the TiO,
nanotubes generation process).

The experimental setup consisted of: a) an open transparent polypropylene container with a
capacity of 4L; b) a central Ti plate as a cathode (13 x 9 cm, thickness of 1 mm), the immersed area
was typically 4 x 9 cm, and; c) two Ti plates as anodes (4 cm x 3 cm, thickness of 1 mm), one per
each side of the cathode, with a 2 cm separation between anode-cathode-anode and an immersed
area typically of 2.5 cm x 3 cm (7.5 cm?).

After obtained, TiO, nanotube layers were used to treat methyl orange aqueous solutions
catalytically (without UV light) and photocatalytically (with UV light). The methyl orange
(C,,H, ,N,NaO,S, Acros Organics brand), with a concentration of 20 mg/L, was used as a model
contaminant. These tests were performed with 15 mL of the solution put into polypropylene bottles,
where anodized Ti plates were immersed, and later stored into the darkness within a container.

For photocatalytic degradation tests, methyl orange aqueous solutions were placed in open plastic
containers. The anodized Ti plates were placed into the solution, the container was placed into a
special cell for photocatalysis (closed, black PVC container) and subjected to artificial UV light with
a mercury UV lamp (GE germicide lamp, model G15TS, 15 W).

TiO, nanotubes were generated in an organic medium (0.3 wt/% NH,F and 2 v/% H,O in ethylene
glycol, 60 V) with various anodizing times (30 min, 2 h, 4 h, 8 h, and 16 h).

There is a relationship between the pore diameter, the wall thickness, and the anodizing voltage,
which, among other factors, form part of the process of forming the TiO, nanotube arrays on the
surface of the titanium (Roy, Berger, & Schmuki, 2011). The mechanism is:

1. The formation of a compact layer of titanium dioxide occurs in the first step. It is formed due
to the interaction of metallic Ti with O* and OH, present into the solution, under an externally
applied electric field (reactions 2 and 3):

Ti'" +2H,0 — TiO, + 4H"

2. With the TiO, layer formed on the anode in the vicinity of this, the TiO, surface reacts with
fluoride ions, with the help of the electric field, forming the complex [TiF6]2' dissolved in water,
resulting in surface cracks:

TiO, +6F +4H" — TiF’ +2H,0

3. Fractures become larger pores, and the pore density increases. Subsequently, the pores become
evenly spread over the surface (Y. Liu et al., 2011);

4.  When the rate of oxide growth on the metal-oxide interface and the dissolution rate of oxide in
the oxide-electrolyte interface are equal, the thickness of the barrier layer remains unchanged;
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5. The length of the nanotubes increases as long as the ratio of electrochemical oxidation remains
equal to the ratio of chemical dissolution in the upper surface of the nanotubes. Thus, it produces
a porous, self-organized structure.

Various causes influence the photocatalytic efficiency in nanotubular titania surfaces, among
others, the manufacturing process, in which the factors are: current intensity, the electrolyte used,
impurities, treatment temperature, dissolved oxygen, experimental setup, etc.

To evaluate the photocatalytic activity of titanium dioxide, a single dye having a molecule with
a single link azo (N = N) was used, named methyl orange (MO).

Some of the unusual conditions employed to produce the nanotubular structures:

1. Sandblasting: Before applying this technique, titanium plates were cleaned with a wire brush to
remove corrosion on the surface. After cleaning, the application proceeds to sandblast (only to
the anodes). The pressure used to accomplish the surface attrition was 100 kg/cm?, for one min
per side of each Ti plate. The abrasive material used was Al,O, with an average particle size of
about 2.5 mm. The principal reason for using sandblasting was to increase the adhesion of the
modified nanotubes layers, and to resist adverse mechanical conditions. An example could be the
continuous flow of water. This treatment was necessary because, after the first tests of titanium
anodizing (without sandblasting), the results revealed that the layers made of the nanotubular
structures had poor adhesion, had fractures, and detached easily;

2. Water dosing for the system: The experimental setup consisted of an open vessel, which allowed
evaporation, along with water consumption, by electrolysis required for providing oxygen and
acidity to the bottom of the nanotubes. This made it necessary to continually add water into the
system. This was done by dripping water in at a rate that could compensate for the loss of water,
and that maintained the same solution level. In addition, this change in the process, as a favorable
consequence, avoided a rise in the electrical resistivity of the system. The conductivity of the
solution was monitored and controlled, which resulted in indications of a balance among TiF,
resulting from the reaction, the addition of NH,F for maintaining the fluoride level, and constant
water addition. After completing each anodizing process, solutions were stored. Usually, during
a period that allowed enough time for precipitation of a crystalline compound to occur. These
crystals were composed of fluorine, ammonium, and titanium (Figure 8). After separating the
precipitate, the ethylene glycol solutions were re-used for anodizing. During all of the experiments,
the implementation of magnetic stirring into the system was done. This allowed a mass transport,
improving the homogeneity of the species concentrations in the solution;

3. Voltage ramp: Applying an initial voltage ramp has been shown to promote the development of
a network of interconnected cavities from the early stages of the process. This helps to release
stress at the interface metal/metal-oxide (M/OM) and aids in the retention of the titania layer on
top of the titanium substrate. Since, at the beginning of the experiment, the electrode located
close to the solution was without an oxide layer, it, therefore, required less current density;

4. Adding NHF to the electrolyte: When the solution was created from new or pure ethylene
glycol, usually a 0.3% w/w of NH,F was added, according to calculations based on the conditions
of the electrolyte. However, when the electrolyte was re-used, it was necessary to add NH,F.
Subsequent additions to use baths were done to maintain the chemical dissolution of TiO,. Some
tests were realized for comparing nanotube layers obtained after many were anodized in the
same ethylene glycol bath. It was found that the bath could be used four times without detriment
in the conditions or characteristics of the resulting nanotube layers. This was performed with
consideration for the material additions and monitoring the process parameters;

5. Ultrasonic cleaning (sonication) of the nanotube-modified Ti plate surface: After anodizing
Ti, it was necessary to apply sonication, which involves the propagation of high-intensity sound
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waves in liquid media. This is one of the most efficient methods of cleaning and results are non-
abrasive and do not leave residues of chemical solutions on the substrates.

The application of ultrasonic cleaning was intended to eliminate any remaining adsorbed species
after the anodizing process on the modified titanium plate. This cleaning was conducted by immersing
the nanotube-Ti plate in a beaker containing deionized water.

RESULTS AND DISCUSSION
SEM and HRTEM Analysis of Nanotubes

Tubular structures were observed using a scanning electron microscope (SEM), which shows TiO,
nanotubes formed, generated during an anodizing-dissolution process in organic media. Figures 1A
through 1D provide SEM images that show TiO, layers and nanotubes structures.

Figure 1A shows an area of 1.0 um?, where it is possible to see 32 nanotubes, wherein 29 of
these are surrounded by 6 nanotubes and 3 are surrounded by 5 nanotubes. Therefore, based on
such observation, the hexagonal packing factor was 0.92. Thus, 92% of the nanotubes had six first
neighbors. In this area, the nanotubes were not perpendicular to the surface plane but deviated to
the left. This was something typical for the nano-structures with substrates subject to sandblasting.

Figure 1. Four SEM images corresponding to A) sandblasted and anodized Ti substrate, Figures 1B through 1D corresponding
to anodized Ti without sandblasting pretreatment.




International Journal of Applied Nanotechnology Research
Volume 4 « Issue 2 « July-December 2019

For those nanotubes normal to the surface plane, the calculated wall thickness and pore size were
approximately 10-20 nm and 110-140 nm, respectively.

Figures 1B and 1D show fractures on a top modified layer, which shows nanotubes formed
at the bottom, constituting a second modified layer. This was changed by using sandblasting as
shown in Figure 1A. The thickness depends on different parameters, such as time, but typically was
approximately 10 um per 2 h of anodizing. Figure 1C shows a detached fragment of the nanotube
layer with a thickness of approximately 17.6 pm.

TEM was used for samples previously used in water treatment. The nanotubular structures obtained
by means of anodized titanium, after the treatment, resulted in different morphology in comparison
to other works reported. They were metastable due to their composition: fluorine, ammonium, and
titanium. Figure 2 shows four TEM images that present the nanotubes transformation to nanoparticles.
Figure 2-B, 2-C, 2-D present fuzzy nanotubes.

Figure 2A (0.2um) is shown in the top-left photo, Figure 2B (0.5 pm) is shown in the top-right
photo, Figure 2C (200 nm) is shown in the bottom-left photo, and Figure 2D (50 nm) is shown in
the bottom-right photo.

The authors propose that those structures underwent a transformation from a structure made of
fluorine/ammonium/titanium, by slowly oxidizing in water, until reaching a titanium oxide.

Figure 3 shows that the material is highly crystalline. The crystallite size was determined by
Scherer’s equation (eq. 1) and the size was approximately 4 nm:

K\
T =
B Cos0

Figure 3A (10 nm) is shown in the left photo; Figure 3B (2 nm) is shown in the right photo.

This was first observed on samples that had higher percentages of discoloration of methyl orange
aqueous solutions, corresponding to 2 h of anodizing time (Figures 2A and 2B). The samples were
immersed in water containing methyl orange for approximately around four days. This caused a
solution discoloration, but also a surface change. The nanotubes layer was modified to a thick, white,
powdery layer.

A High-resolution transmission electron microscopy (HRTEM) analysis was performed on the
sample after 2 h (Figures 2A and 2B) and 4 h (Figures 2C and 2D) of anodizing without the application
of a heat treatment. This implies the generation of the anatase nanoparticles from contact with the
aqueous solution. These micrographs show the presence of nanotubular structures with apertures of
nanotubes of approximately 120 nm with lengths of approximately 0.5 um. The nanotubes apertures
measured by HRTEM (120 nm) coincided with that obtained from SEM (110 -140 nm).

In those cases where the nanotubular structure was desirable, heat treatments of approximately
450°C were applied for 30 min. The crystallite size was approximately 25-40 nm.

Chemical Composition and Crystalline Sizes Determination

In addition to identifying the desired phase (anatase) for photocatalytic processes by means of X-ray
powder diffraction (XRD), it is possible to determine the chemical composition in weight percent (%
wt) and the size of the crystals formed (nm) by using the Rietveld method. This is considering only
the crystalline part of the samples and excluding those elements below 10,000 ppm. Figure 4 shows
two diffractograms, one corresponding to a Ti-treated plate with methyl orange aqueous solution,
and another corresponding to a similar sample, but heat-treated. In addition, it shows the anatase
reference pattern JCPS 21-1272.

This confirmed that it was possible to obtain the anatase phase without heat treatment only by
oxidation in contact with the aqueous solution of NM (nitromethane). In both cases, tests with and
without the application of UV light (for 4 h) were performed. Finally, there was a substantial crystallite
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Figure 2. Four TEM images corresponding to nanotubes after water exposure for four days. The fuzzy structure indicates the
transformation of nanotubes to a particulate system.

size difference observed in the anatase phase, with and without heat treatment. The larger crystallite
size (26.8 nm) was obtained by using temperature in order to modify samples and a smaller size (4
nm) was obtained by immersion in aqueous methyl orange solutions.

Discoloration of Methyl Orange (MO)

For determining the concentration of MO, the UV-vis (ultraviolet—visible absorption) spectra
(absorbance vs. concentration) was used to acquire data on aqueous dye solutions with the following
concentrations: 5, 10, 20, 25 and 30 mg / L. The main absorption band was located at 463 nm (see
Figure 5, label MO). The absorbance for all of the concentrations was taken at the wavelength used
for the calibration curve. Those samples were not exposed to UV.

Figure 5 show the absorbance spectra for a series of samples used in the catalytic tests. Sample
M1 was obtained by anodizing the titanium for 4 h, but it was used previously in a discoloration
test. Sample M2 was obtained by anodizing the titanium for 4 h, but it was not dried in air before
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Figure 3. HRTEM images corresponding to nanotubes after water exposure for four days. The fuzzy atoms distribution indicates
the transformation of the amorphous nanotubes (atomic disorder/nanometric order) to crystalline disordered particles (atomic
order/nanometric disorder).
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Figure 4. Diffractograms of anodized titanium plates with heat and water treatments. Black squares indicate the anatase peaks.
The other peaks correspond to metallic titanium.
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discoloration tests, but instead, kept in ethylene glycol. Samples M3 through M7 were obtained by
anodizing the titanium for 2, 4, 8, and 16 h, respectively.

The samples were not exposed to UV, thus the discoloration was attributed to a collateral effect of
the oxidation process for the nanotubes. Samples M2 and M3 showed a higher degree of discoloration,
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Figure 5. UV-vis analysis shows spectra corresponding to the process of methyl orange discoloration during the process of
nanotubes oxidation and their transformation to anatase nanoparticles.
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corresponding to 4 h and 2 h of anodizing, respectively. The contact time with the solution for all
samples was approximately four days. Samples M2 and M3 accomplished the discoloration in two
days. The authors propose that the oxidation process in those two samples was due to the nanotubes’
layer conditions, such as the fluorine/ammonium/titanium bonds and ratios.

With regard to the samples that underwent 8 h and 16 h of anodizing, it was noted that the
discoloration of the methyl orange solutions were not as effective as the results for samples M2 and M3.
It is important to note that the M1 sample increased nitromethane coloring. The orange color change
began increasing its intensity with a deep red tone; it was previously used in another discoloration test,
which was the primary difference. The other samples only diminished solutions color. Nonetheless,
this capacity for discoloring the methyl orange solution only occurred during the oxidation of the
nanotubes layer process. After it was complete, the samples lost this effect without UV exposure.
Therefore, it was possible to observe a loss of bleaching effect on MO when a sample was used more
than once. Since the transformation creates anatase particles, they become photocatalytic, but with
poor cohesion among particles or adhesion to the substrate. The samples M5 and M6, despite not
having the dye absorption band, had a high baseline due to turbidity caused by the detaching of TiO,
nanoparticles that remained as a permanent colloid in the aqueous solution.

Kinetic Analysis

The process degradation was adjusted to a kinetic model and a constant rate of reaction kinetics
was obtained using the Langmuir-Hinshelwood equation (1). This equation applies to low dye
concentrations. The concentration of MO (20 mg/L) was appropriate for the use of this equation:

Equation (1) was used by testing the reaction. It was plotted as In [C /C] vs. time (t) and 1/C vs.
time (t), which represents reactions of first and second order, respectively.
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Figure 6 shows a correlation coefficient very close to 1 (R?> = 0.9933). Therefore, it provides a
very good fitting of the reaction to an equation of the first order. In other words, the order of reaction
was 1. The experimental data were indicated as square dots. The black straight line is for eye-guide
and the blue curve fits the real data. The figure shows only five experimental data and the curve was
drawn for fitting these dots. It is an isotherm because the temperature was kept unchanged. There
was evolution of the system as the dye was decolored. So, the kinetics refers to this variation of dye
color intensity.

Figure 6. Fitting of the In [C /C] vs. Time (t) plot corresponding to the discoloration of methyl orange in water using nanotubes plates
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Catalytic and Photocatalytic Tests
Photocatalytic Tests

Photocatalytic tests performed were of two kinds:

1. Test with 1 h of exposure to UV light and 4 days of nanotube-modified plates in contact with
the MO solution;

2. Test with 4 h of exposure to UV light. This was the time required for discoloration of the MO
solution with the experimental setup used.

In these tests, modified surfaces were exposed to ultraviolet light within MO solutions. This was
performed in a closed cell for photocatalysis. The time of exposure to UV light was 1 h, whereas the
contact time with the solution of MO was 96 h (four days, as in the tests without UV exposure). MO
discoloration was quantified by UV-vis analysis.

Discoloration Effect

UV-vis analysis showed the effect of MO via photocatalytic discoloration. The degree of discoloration
observed in samples over time generated six different conditions. Figure 7 shows the absorbance
spectra for the series of photocatalytic tests performed. Samples M3 and M4 were those that had
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a higher degree of decolorizing, corresponding to 2 h and 4 h of Ti anodizing, respectively. In the
cases of tests on samples that underwent 8 h and 16 h of Ti anodizing (M5 and M6, respectively),
discolorations were not as effective as results noted in samples M3 and M4.

It is important to note that sample M1 increased MO coloring. Again, this modified titanium plate
sample was previously used in another discoloration test. It was possible to observe a loss of bleaching
effect on the MO. As mentioned, the discoloration effect on the dye can be observed only when the
surface was not previously used. Once the oxidation of the layer was complete, such effect ends.

Figure 7. UV-vis spectra of solutions with discoloration of methyl orange in a photocatalytic process
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Titanium plates can be easily cleaned by removing the TiO, nanoparticles formed during the
oxidation/discoloration effect, which is possible using sonication for approximately 20 min. This
action frees the titanium plates and makes them available for use again to repeat the anodizing process.

Comparison Between Catalytic and Photocatalytic Tests

In previous sections, the catalytic and photocatalytic effects by contacting nanotubes modified
titanium plates with the aqueous solutions of MO were analyzed. In this way, two kinds of tests were
conducted, one catalytic and the other photocatalytic. Based on the results, both processes resulted
in discoloration of the MO solution. The photocatalytic discoloration was obtained within 1 h of
exposure to UV light. However, the time required to perform a test with the catalytical process was 96
h. This limits its use, together with the fact of a single-use for each sample. On the other hand, such
an effect is a new observation. The collateral discoloration effect was a way to quantify and follow
the transformation of the nanotubes layer by oxidation, and their loss of ammonium and fluoride that
formed part of the structure.

Analysis of Precipitate Formed After Anodizing in Organic Media

During the generation of nanotubes by oxidation-dissolution of Ti-TiO, an organic bath was used.
Their composition was: ethylene glycol 98% v/v, H O 2% v/v, NH4F 0.3 wt/%. These electrolytes
were re-used several times, according to the procedure described in the experimental section. After
being used approximately four times, the solutions were saturated. The solutions were stored, which
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allowed for an accumulation of a precipitate. The white powdery precipitate was abundant. It also
was easy to remove, allowing re-use of those solutions for anodizing.

Figure 8 shows the fitting by the Rietveld method using the TOPAS 4.2 software. The lines at
the top correspond to the experimental diffractograms and the fitting. The gray line corresponds to
the difference between those two.

Figure 8. The fitting of a diffractogram corresponding to a white precipitate formed at the solutions used for anodizing titanium
plates. This crystalline compound was identified as (NH,),TiF,0.
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The white precipitate was formed into the solutions used for anodizing titanium plates. The
time, obtaining this precipitate depended upon the concentration and storage conditions of the bath
previously used. After separation and cleaning, the precipitate was analyzed by X-ray Diffraction
(XRD). This allowed a determination of composition. According to the XRD, the compound identified
in the precipitate formed after anodizing titanium plates was (NH,),TiF,O, ammonium fluoride
titanium oxide, which corresponded to 100% of its composition. Its unit cell is displayed as an insert
in Figure 8.

An amorphous variant of the compound (NH,),TiF,O is proposed as forming the nanotube
structure shown in the SEM images, which transforms into anatase nanoparticles, as shown in the
HRTEM images, by oxidation of such compound.

CONCLUSION

Nanotubes structures were generated by anodizing titanium plates using an organic solution (NH,F 0.3
wt/%, H,0 2% v/v, C,H,0, 98% v/v) employing a voltage ramp of 6 V/min and, finally, maintaining
60 V, which was the working potential of the anodizing process. The dimensions of the nanotubes
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generated at room temperature were nanotube openings of 110-140 nm, wall thickness 10-20 nm,
length 5-20 pm.

The nanotubular structures generated were metastable. Their procurement was under some
changes incorporated into the process, such as: sandblasting of the titanium plates, continuously
adding water to the system, constant agitation of the electrolyte, the addition of ammonium fluoride
to compensate its consumption, re-use of solutions, and voltage ramps. Additionally, long periods of
immersion for the modified layer plates into the aqueous MO solution (20 mg/L), ranged from 4 to
96 h. Samples were then analyzed by XRD, SEM, and HRTEM, where anatase nanoparticles were
identified, substituting the nanotube structures.

XRD showed that before contacting the MO aqueous solution of modified titanium plates, no
anatase structure appeared. However, after a slow oxidation process within an aqueous MO solution,
it was possible to observe anatase TiO,. This was independent of UV exposure. Furthermore,
by employing XRD, a marked difference was observed in crystallite sizes with and without heat
treatment, resulting in sizes of 26.8 and 4.7 nm, respectively. According to the discoloration rates
obtained, the test using 4 h of exposure to UV light resulted in 95.5% of discoloration. TEM showed
a conversion of nanotubes to TiO, nanoparticles without heat treatment. An amorphous variant of
the compound (NH,), TiF,O is proposed as forming the nanotube structure that is shown in the SEM
images, which transforms into anatase nanoparticles, as shown in the HRTEM images, by oxidation
of such compound.
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